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Abstract
Dis3L2 is a highly conserved 3’-5’ exoribonuclease which is mutated in the human over-
growth disorders Perlman syndrome and Wilms’ tumour of the kidney. Using Drosophila
melanogaster as a model system, we have generated a new dis3L2 null mutant together
with wild-type and nuclease-dead genetic lines in Drosophila to demonstrate that the cata-
lytic activity of Dis3L2 is required to control cell proliferation. To understand the cellular path-
ways regulated by Dis3L2 to control proliferation, we used RNA-seq on dis3L2 mutant wing
discs to show that the imaginal disc growth factor Idgf2 is responsible for driving the wing
overgrowth. IDGFs are conserved proteins homologous to human chitinase-like proteins
such as CHI3L1/YKL-40 which are implicated in tissue regeneration as well as cancers
including colon cancer and non-small cell lung cancer. We also demonstrate that loss of
DIS3L2 in human kidney HEK-293T cells results in cell proliferation, illustrating the conser-
vation of this important cell proliferation pathway. Using these human cells, we show that
loss of DIS3L2 results in an increase in the PI3-Kinase/AKT signalling pathway, which we
subsequently show to contribute towards the proliferation phenotype in Drosophila. Our
work therefore provides the first mechanistic explanation for DIS3L2-induced overgrowth in
humans and flies and identifies an ancient proliferation pathway controlled by Dis3L2 to reg-
ulate cell proliferation and tissue growth.
Author summary
Regulation of cell proliferation is not only important during development but also
required for repair of damaged tissues and during wound healing. Using human kidney
cells as well as the fruit fly Drosophila we have recently discovered that cell proliferation
can be regulated by a protein named Dis3L2. Depletion or removal of this protein results
in excess proliferation. These results are relevant to human disease as DIS3L2 has been
shown to be mutated in an overgrowth syndrome (Perlman syndrome) where affected
children have abnormal enlargement of organs (e.g. kidneys) and susceptibility to Wilms’
tumour (a kidney cancer). Dis3L2 is an enzyme known to "chew up" mRNA molecules
which instruct the cell to make particular proteins. Using state-of-the-art molecular
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methods in Drosophila, we have discovered that Dis3L2 targets a small subset of mRNAs,
including an mRNA encoding a growth factor named ’imaginal disc growth factor 2’
(idgf2). For human kidney cells in culture, we have found that depletion of DIS3L2 results
in enhanced proliferation, and that this involves a well-known cellular pathway. Our
results mean that we have discovered a new way of controlling cell proliferation, which
could, in the future, be used in human therapies.
Introduction
The coordinated control of cell proliferation is crucial during tissue growth in order to specify
the size and shape of the adult organism. Control of cell proliferation is also required during
tissue regeneration and wound healing. This regulation is important as lack of communication
between cells to control proliferation may lead to tissue overgrowth or cancer. We have previ-
ously shown that the highly conserved 3’-5’ exoribonuclease Dis3L2 is a new player in the co-
ordinated control of cell proliferation [1]. Dis3L2 is a cytoplasmic member of the RNase II/
RNB family of 3’-5’ exoribonucleases which is conserved from bacteria through to humans
[2,3]. Unlike the other eukaryotic members of this family (Dis3 and Dis3L1) Dis3L2 lacks the
N-terminal PIN domain [2,3] which confers endoribonucleolytic activity and is required for
interaction with the multicomponent exosome complex [4,5]. Dis3L2 also differs from Dis3 in
that it shows high affinity for transcripts containing non-template Uridine at their 3’ ends, a
process catalysed by Terminyl Uridylyl Transferases (TUTases) [3,6–8]. Loss of function muta-
tions in DIS3L2 have been shown to result in the congenital overgrowth condition Perlman
syndrome [9] in addition to a kidney tumour named Wilms’ tumour. Whilst Perlman syn-
drome patients show a high predisposition to Wilms’ tumour, up to 30% of sporadic Wilms’
tumours were also shown to contain partial or complete deletion of DIS3L2 [9]. In addition,
deletions in DIS3L2 have also been associated with skeletal overgrowth [10]. Therefore, under-
standing the in-vivomolecular mechanisms behind this will both aid our understanding of
normal cell proliferation and these overgrowth diseases.
A number of experiments, using human, mouse, fly and S. pombe cells have suggested that
the majority of natural Dis3L2 targets are non-coding RNAs such as tRNAs, snRNAs and
snoRNAs [1,2,6,8,11–14]. In human cell lines and mouse embryonic stem cells these include
the pre-miRNA pre-let-7 as well as other non-coding RNAs (e.g. Rmrp) which have been
shown to be polyuridylated and then degraded by Dis3L2 [6,12]. Recent work in human cells
has demonstrated a role for Poly(A)-specific Ribonuclease (PARN) in protecting miRNAs
from DIS3L2 mediated decay thus implicating mature miRNAs as other DIS3L2 targets [15].
Other direct targets which immunoprecipitated with DrosophilaDis3L2 included 5S rRNA
and extended versions of RNase MRP:RNA [13]. This study, along with others, has demon-
strated several roles for Dis3L2 in the removal of transcripts with incorrect processing, faulty
transcriptional termination or those undergoing non-sense mediated decay [12,13,16]. How-
ever, it is currently unclear how defective degradation of the identified transcripts can enhance
cell proliferation. A Dis3L2 knockout mouse model has demonstrated a transcriptional
increase in insulin growth factor 2 (Igf2) mRNA, however no overgrowth was observed [17],
which may be due to perinatal mortality. Therefore, the cellular pathways linking Dis3L2 with
proliferation have remained obscure.
Our previous work, using the model organism Drosophila, demonstrated that knockdown
of Dis3L2 in the wing imaginal disc results in substantial wing overgrowth due to increased
cellular proliferation during the larval stages [1], although this work did not identify the pro-
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proliferative factors responsible for driving the phenotype. Remarkably, the proliferation effect
seen in Drosophila tissue upon Dis3L2 knockdown is similar to that seen in human tissues sug-
gesting a conserved role of Dis3L2 in maintaining control over cell proliferation and tissue
growth. Here we build upon our previous work using CRISPR-Cas9 generated null mutants
and have, for the first time, identified the RNA target of Dis3L2 in Drosophila that is responsi-
ble for driving the overgrowth phenotype. We demonstrate that loss of Dis3L2 results in the
upregulation of a conserved growth factor named Imaginal Disc Growth Factor 2 (Idgf2).
Idgf2 is a member of the conserved chitinase-like protein (CLP) family including CHI3L1/
YKL-40 and CHI3L2/YKL-39 which are implicated in inflammatory diseases and a variety of
cancers including colon and non-small cell lung cancer. Finally, we demonstrate in both Dro-
sophila and human HEK-293T kidney cells that overgrowth observed in Dis3L2 deficient tis-
sues is wortmannin sensitive suggesting a novel and highly conserved mechanism whereby
Dis3L2 controls proliferation and tissue growth potentially via the PI3-Kinase pathway.
Results
Dis3L2 null mutants show widespread tissue overgrowth
Our previous work, using RNA interference, demonstrated that Drosophila are an excellent
model organism for the study of how Dis3L2 functions to control cell proliferation and tissue
growth [1]. Since RNA interference has its limitations due to residual activity, we used
CRISPR-Cas9 to generate a dis3L2 null mutant as an optimal genetic model to understand the
molecular pathways regulated by Dis3L2 to control proliferation. Using this approach, we pro-
duced a dis3L2mutant line with an 8bp deletion (dis3L212) in which no Dis3L2 protein is pro-
duced (Figs 1A, 1B and S1A). In parallel, we also generated an isogenic control line which
remained unedited or was repaired correctly (dis3L2wt (Fig 1A and 1B)). Crucially, dis3L212
flies showed wing overgrowth similar to that previously observed in our RNAi flies (Fig 1C).
To genetically confirm the null nature of the allele we created hemizygous flies by crossing the
mutant dis3L212 chromosome over the smallest available deletion that includes the dis3L2
locus (DF(3L)Exel6084). Whilst hemizygous flies containing a single wild-type copy of Dis3L2
(dis3L2wt/Df) showed no phenotype those containing the mutant chromosome (dis3L212/Df)
showed significant wing overgrowth (13%) that was not different to homozygous dis3L212 flies
(Fig 1C). As with our previously published data the wing overgrowth is primarily driven by an
increase in cell number in addition to a small (2%) increase in cell size (Fig 1D and 1D’).
To determine the tissue specificity of dis3L2mutations, we checked for overgrowth of other
tissues in our null mutants. These experiments showed that the overgrowth is not restricted to
the wing but is also observed in the haltere and leg imaginal discs (Fig 1E). Phosphohistone H3
staining confirmed the increase in dis3L212 tissue size is driven by an increase in proliferation
in wing, haltere and leg imaginal discs (Fig 1F). Finally, although we observe a general increase
in adult fly size (Fig 1G) we do not see a similar increase in size of dis3L212 L3 larvae, or larval
salivary glands suggesting the overgrowth effects are restricted to imaginal tissues (S1B Fig).
Increased growth would be expected to require increased protein translation. To assess the
changes in global translation within the wing imaginal disc we used surface sensing of transla-
tion (SUnSET) labelling. SUnSET labelling uses puromycin as an analogue of tyrosyl-tRNA
and therefore when cells are incubated with low amounts of puromycin it is added into the
elongating peptide chain. The amount of incorporated puromycin over a given time is detected
with a monoclonal antibody which allows the measurement of nascent translation. Using this
approach, we confirmed an increase in translation within the wing imaginal discs (Fig 1H).
In addition to the overgrowth phenotype we were also able to confirm the male fertility
phenotype observed by Lin and colleagues (S1C Fig) [11]. dis3L212 male flies were completely
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Fig 1. dis3L212 mutants show overgrowth phenotypes. A) Schematic showing location and details of the dis3L212 mutation. Coding exons are marked in orange
and 5’ and 3’ UTRs in blue. RC and RA denote the two dis3L2 isoforms and red letters denote the start codon. B) The 8bp mutation in dis3L212 flies results in a
complete absence of the Dis3L2 protein. C) dis3L212 wings (red) are significantly larger (14%) than control dis3L2wt wings (blue). Hemizygous dis3L212/Df wings
are not significantly different from dis3L212 wings demonstrating that it is a null mutation. n = 16–19, error bars represent 95% CI, ���� = p<0.0001, ns = p>0.05,
scale bar = 100μm. D/D’) The increased wing area is mainly driven by an increase (12%) in cell number (D) and a small (2%) increase in cell size (D’). n = 13, error
bars represent 95% CI, � = p<0.05, ���� = p<0.0001. Representative images of one of 5 wing locations used to calculate wing area is shown for dis3L2wt and dis3L212
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infertile with seminal vesicles devoid of sperm. We further confirmed the specificity of the
infertility phenotype in male flies where dis3L2 had been ubiquitously knocked down using
Tubulin-GAL4 and UAS-dis3L2RNAi (S1C Fig). Finally, both male and female dis3L212 show a
decreased lifespan compared to dis3L2wt flies (S1D Fig).
Dis3L2 catalytic activity is required to maintain control of tissue growth
To confirm that loss of Dis3L2 is indeed driving the overgrowth phenotype we generated a
number of transgenic lines to allow specific genetic rescue. There are two annotated isoforms
of Dis3L2 which differ through the use of an alternative start codon resulting in two protein
products of 1032 amino acids (isoform PA) and 1044 amino acids (isoform PC). To ensure
that re-expression of Dis3L2 was to a level comparable to wild-type we used the site-specific
recombination attB/attP system to allow the specific insertion of Dis3L2 cDNA into a genetic
region which would result in mild expression. This mild expression was confirmed by Western
blotting where driving ubiquitous ectopic expression of these lines using actin5C-GAL4
resulted in a mild ~2 fold overexpression (Figs 2A and S2A) in dis3L2wt flies. Re-expression of
Dis3L2 protein throughout dis3L212 mutant flies was achieved to 143% and 170% the level of
control flies for PA and PC respectively (Compare -/PA and -/PC to +/- in Fig 2A and see S2A
Fig for quantification). Expression of both Dis3L2 isoforms (PC) or only PA specifically in the
cells fated to form the wing (using nub-GAL4) results in a complete rescue of wing area to that
of dis3L2wt wings whilst the fly mass remained significantly larger (Figs 2B and S2B). To con-
firm the specificity of the phenotypic rescue we extended these findings using the engrailed-
GAL4 (en-GAL4) driver to allow specific re-expression of Dis3L2 in the posterior compart-
ment of the wing whilst the anterior area remained mutant for Dis3L2, therefore acting as an
internal control. This revealed a specific rescue of the posterior area in en-GAL4 driven rescue
wings whilst the anterior area remaining significantly larger (S2C Fig). Importantly, driving
mild overexpression of Dis3L2 with these UAS lines with either nub-GAL4 or en-GAL4 has lit-
tle effect on wing area alone (S2D and S2E Fig). These phenotypic rescues show that the loss of
Dis3L2 is indeed responsible for the overgrowth phenotype and that isoform PA is the major
isoform in Drosophila to regulate tissue growth.
Next, we asked if the catalytic activity of Dis3L2 was required to control proliferation by
creating a nuclease dead transgenic line (UAS-dis3L2ND) carrying a single amino acid substitu-
tion (D580N) which has previously been shown to abolish Dis3L2 catalytic activity [13]. To
create this line, we used the same targeted insertion site which resulted in expression compara-
ble to the wild-type constructs (Figs 2A and S2A). However, unlike the previous rescue experi-
ments, specific expression of dis3L2ND results in no change in dis3L212 wing area when driven
by either nub-GAL4 (Fig 2B) or en-GAL4 (S2C Fig) demonstrating the catalytic activity of
Dis3L2 is indeed essential to control proliferation in the wing imaginal disc. Finally, to assess
functional homology between the Drosophila and human Dis3L2 proteins we also created a
line to allow us to express human DIS3L2 (Ensembl isoform 202, 885aa) in our dis3L212 flies
(S2F Fig). Whilst expression of human DIS3L2 in a dis3L212 mutant background did not
wings. Each cell is marked by a trichome (hair) in the upper and lower cell layer. E) dis3L212 wing, haltere and leg imaginal discs are significantly larger (25%, 30%,
36% respectively) than their control counterparts. n = 8–33, error bars represent 95% CI, �� = p<0.01. F) Consistent with an increase in wing area, PH3 staining of
wing, haltere and leg imaginal discs demonstrates an increased number of proliferating cells in dis3L212 tissues. n = 5–16, error bars represent 95% CI, scale
bar = 50μm. G) dis3L212 mutants are significantly larger than dis3L2wt flies. Calculated using measurements of various regions of the adult fly (A-G, S7 Fig) and
total mass. n = 15–21, error bars represent 95% CI, � = p<0.05, �� = p<0.01, ��� = p<0.001, ���� = p<0.0001. H) SUnSET labelling performed on wing imaginal
disc samples shows increased global translation in dis3L212 discs compared to dis3L2wt. Representative lanes from the same blot are shown along with Tubulin
loading control used for quantification. Puro–represents a disc sample incubated in media only without Puromycin. n = 8–14, error bars represent 95% CI, �� =
p = 0.0057.
https://doi.org/10.1371/journal.pgen.1009297.g001
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rescue wing overgrowth at 25˚C (Fig 2B), increasing the temperature to 29˚C resulted in a 50%
rescue of wing area towards that of dis3L2wt flies also reared at 29˚C (Fig 2C). The requirement
of an increased temperature may be due to the fact that the human protein would function
optimally at 37˚C. The difference in rescue may also be due to the increased efficiency of the
GAL4 system at a higher temperature and therefore more human protein would be produced.
These data therefore demonstrate the catalytic activity of Dis3L2 is required to control prolifer-
ation and tissue growth and that there is at least partial functional homology between the
human and DrosophilaDis3L2 proteins.
Overexpression of Dis3L2 results in reduced proliferation
In addition to assessing the phenotypes consequent upon the loss of Dis3L2 we also investi-
gated the in-vivo effect of strong overexpression of Dis3L2 using the wing imaginal disc as a
model tissue. To achieve this, we used a publicly available line containing a P-element inser-
tion, with an upstream activating sequence (UAS) 8bp upstream of Dis3L2 to achieve strong
overexpression of the DIS3L2 protein (Fig 3A). Overexpression of Dis3L2 in the posterior
Fig 2. Ectopic expression of catalytically active dis3L2 rescues the wing overgrowth phenotype. A) UAS-dis3L2PA, UAS-dis3L2PC, orUAS-
dis3L2ND can be used to express Dis3L2 in dis3L212 animals. UAS constructs were driven in either dis3L2wt (+) or dis3L212 (-) animals with the
ubiquitous driver act-GAL4 with Western blots performed on whole female flies. See S2A Fig for quantification. B) Expression of both Dis3L2
isoforms (PC) or only the shorter isoform (PA) in the wing pouch of the wing imaginal disc is sufficient to completely rescue wing area in dis3L212
mutants. Expression of a catalytically dead Dis3L2 (ND) does not rescue the phenotype, whilst expression of human DIS3L2 (hDIS3L2) also shows
no significant rescue at 25˚C. n = 14–65, error bars represent 95% CI, statistics shown refer to a comparison between the test genotype and control
���� = p<0.0001, ��� = p<0.001, ns = p>0.05. C) When driven at 29˚C the human DIS3L2 construct (hDIS3L2) shows a partial (~50%) rescue of
wing area. n = 16–28, error bars represent 95% CI, ���� = p<0.0001, ��� = p<0.001.
https://doi.org/10.1371/journal.pgen.1009297.g002
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Fig 3. Overexpression of Dis3L2 results in a reduction in proliferation in the wing imaginal disc. A) Western blotting of en-GAL4 driven Dis3L2 overexpression
(dis3L2OXP) wing imaginal discs confirms a 5-fold upregulation in Dis3L2 protein throughout the disc. Control consists of the parental controls with either theUAS or
GAL4 insertion alone,UAS parent shown. n = 3, error bars represent SEM. B) Overexpression of Dis3L2 using en-GAL4 shows a significant reduction in the posterior
area of the wing. Controls consist of parental controls to account for genetic background. n = 26–28, error bars represent 95% CI, ���� = p<0.0001, ns = p>0.05. B’)
Normalisation of posterior area of the wing to the anterior area shows a significant reduction in the posterior area of the wing. n = 26–28, error bars represent 95% CI,
���� = p<0.0001. Overlay or representative control (blue) and Dis3L2 overexpression (orange, dis3L2OXP) wings also shown. C) Overexpression of Dis3L2 in the
posterior compartment of the wing imaginal disc (using en-GAL4) results in a reduction of the posterior area, represented as the posterior area normalised to the size
of the anterior area of the tissue. The control group consists of; en-GAL4,UAS-GFPactin/+; to allow measurement and ensure that the en-GAL4 insertion and
expression of GFP is taken into account. n = 26–33, error bars represent 95% CI, ��� = p = 0.0008. C’) Representative images of control and Dis3L2 overexpression
(dis3L2OXP) wing discs when en-GAL4 is used to drive UAS-GFP expression andUAS-Dis3L2 in the case of Dis3L2 overexpression, or justUAS-GFP in control tissues.
Scale bar = 50μm. A cartoon overlay of posterior compartment of control (blue) and overexpression (orange) wing imaginal discs is also shown. D) Overexpression of
Dis3L2 throughout the wing imaginal disc (using 69B-GAL4) results in a reduction in the mitotic index of the wing imaginal disc. Control represents a combination of
both parental controls (;;69B-GAL4 and;; UAS-Dis3L2). n = 6–10, error bars represent 95% CI, �� = p = 0.0076. E) Consistent with the mitotic index calculations,
overexpression of Dis3L2 throughout the wing imaginal disc using 69B-GAL4 results in a reduction in the total number of cells in the wing. n = 13–22, error bars
represent 95% CI, ���p = 0.0005.
https://doi.org/10.1371/journal.pgen.1009297.g003
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compartment of the wing imaginal discs (en-GAL4) resulted in a significant and specific
reduction in the area of posterior compartment of both the wing and the wing imaginal disc
(20% and 13% respectively) (Fig 3B and 3C). In these experiments the anterior area, which
functions as an ideal internal control, showed no change in area therefore demonstrating the
specificity of the phenotype. Additionally, overexpression of Dis3L2 throughout the wing
imaginal disc (using 69B-GAL4) results in a significant reduction in proliferation, measured
using phosphohistone H3 staining (Fig 3D), which in turn results in a reduction in the number
of cells in the adult wing (Fig 3E). Taken together these data therefore confirm that Dis3L2 is a
master regulator which plays a critical role in controlling developmental proliferation and ulti-
mately tissue size without being limited by other accessory factors.
RNA-sequencing reveals differential expression of pro-proliferative
transcripts
As Dis3L2 regulates proliferation through its catalytic activity we hypothesised that it achieves
this by degrading specific, growth promoting transcripts. To identify the RNAs that become
misexpressed in dis3L212 wing discs, and that are responsible for driving the overgrowth phe-
notype, we performed RNA-sequencing on 120hr old dis3L212 and control wing imaginal
discs in triplicate following rRNA depletion (see Methods for sample details). RNA-sequenc-
ing fastq files were then processed and aligned to the Drosophila genome (Flybase release 6.18;
see methods for further details). Following differential expression analysis using individual
replicate comparisons and stringent filtering criteria we identified 501 genes that showed dif-
ferential expression in dis3L212 wing imaginal discs (Fig 4A). Of these, 344 were upregulated
>1.34 fold and 157 were downregulated >1.34 fold (S3A Fig). The top 30 upregulated tran-
scripts are shown in Fig 4B. Interestingly, transcripts differentially expressed in dis3L212 wing
imaginal discs have a significantly shorter 3’ UTR (446bp) than the global average (598bp)
whilst the average lengths of the 5’UTR and CDS do not differ (S4B Fig) which is congruent
with findings in S. pombe [3].
Consistent with previous findings we observed changes in expression in a variety of
mRNAs and non-coding RNAs (ncRNAs) [2,11–14]. Regarding these ncRNAs that showed
differential expression, we observed an increase in RNaseMRP:RNA including reads mapping
to unprocessed RNaseMRP:RNA (S3B Fig) corroborating findings in Drosophila S2 cells and
whole flies [13] suggesting that removal of unprocessed RNaseMRP:RNA is a global function
of Dis3L2. This is also likely to be a conserved function as similar findings were observed in
mouse embryonic fibroblasts [12]. Other ncRNAs found to be significantly upregulated
include asRNA:CR45208, CR40461 and asRNA:CR42871; the functions of these are at present
unknown.
Gene ontology (GO) analysis of the upregulated protein-coding transcripts revealed an
enrichment of genes involved in carbon metabolism, symporters and glycosidases; whilst 33%
of downregulated transcripts are membrane proteins (S3C Fig). Remarkably, the top 20 upre-
gulated transcripts include 3 imaginal disc growth factors (idgf1/2/3), characterised in the ‘Gly-
cosidase’ GO term, which show 74.9, 10.3 and 6.6-fold increases respectively. In Drosophila
there are six members of the Idgf family (Idgf1-6); of these only idgf1, 2 and 3 are sensitive to
the dis3L2mutation with idgf4, 5 and 6 showing no changes in expression (S3D Fig) indicating
specific regulation. In addition to the selected Idgfs, another mRNA encoding the conserved
growth factormiple1 increased in expression by 22.3-fold. In total 6 transcripts were selected
for validation by qRT-PCR due to their known roles in cell proliferation as well as syt4 which
showed the largest increase in expression. qRT-PCR confirmed that all but syt4 showed signifi-
cant upregulation in both the samples sent for sequencing and in three additional replicates of
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 8 / 29
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 9 / 29
dis3L212 and dis3L2wt wing imaginal discs (Fig 4C). To confirm the upregulation was specific
and not caused by an off-target effect of the CRISPR process we assessed the levels of the 5
upregulated transcripts (excluding syt4) in dis3L212 hemizygote wing discs. Significant upregu-
lation of each transcript was also observed in these tissues, confirming their Dis3L2 sensitivity
(S4C Fig).
Idgf2 drives wing overgrowth in dis3L212 flies
In order to narrow down the mRNAs sensitive to dis3L2mutations, we used additional, pub-
licly available data sets derived from different Drosophila tissues. Re-analysis of RNA-sequenc-
ing data from dis3L2 null mutant testes [11] showed that 10% of transcripts differentially
expressed in the mutant wing imaginal discs were also misexpressed in mutant testes (S4D
Fig) showing that transcripts can be both globally sensitive to Dis3L2 or show tissue specificity.
Upregulation of idgf1, 2 and 3 transcripts but notmiple1 and cas was observed in both tissues
suggesting intrinsic sensitivity to Dis3L2. If Dis3L2 is able to directly degrade idgf1, 2 and 3 we
would expect these RNAs to be bound by Dis3L2. Since CLIP-seq analysis, which can detect
the binding of proteins to RNAs, is challenging to perform on the small amounts of imaginal
disc tissue dissected from Drosophila larvae, we turned to an existing publicly available data
from Drosophila S2 cells [13]. These data show that idgf1, idgf2 and idgf3 transcripts are all
pulled down with a catalytic dead Dis3L2 in Drosophila S2 cells [13], demonstrating that they
are physically associated with Dis3L2 and that Dis3L2 can directly target and degrade these
transcripts. We also assessed the transcriptional contribution towards the increased levels of
idgf1, 2 and 3 by assessing changes in pre-mRNA expression. All three transcripts also showed
pre-mRNA increases in the dis3L2mutant (Fig 4D), therefore it is likely that the increase
observed in dis3L212 tissues is a consequence of a combination of transcriptional and post-
transcriptional effects.
Since the transcripts encoding idgf1, 2 and 3 appear to be globally sensitive to Dis3L2 and
directly bound to the enzyme we used the power of Drosophila genetics to assess their individ-
ual contribution towards the overgrowth phenotype in dis3L212 animals. To achieve this, we
used UAS-RNAi lines to idgf1, 2 or 3 each of which showed a knockdown of>90% at the RNA
level when driven ubiquitously (by Tubulin-GAL4) with no obvious phenotypic defects (S5A
Fig). As in our previous rescue experiments, we again made use of the en-GAL4 driver to
deplete the levels of each idgf transcript individually in a dis3L212 mutant background. If any
of these idgfs were individually responsible for the overgrowth phenotype we would expect
individual knockdown to rescue the overgrowth phenotype resulting from the dis3L2 null
mutation specifically in the posterior region as is observed when UAS-Dis3L2 is driven by en-
GAL4 (Figs 5A and S2C). Using this approach to knockdown idgf1 or idgf3 in the dis3L2
mutant background had no effect on the posterior area of the tissue (Fig 5A). In contrast,
depletion of idgf2 resulted in a complete and specific rescue of the posterior area of the wing
(Fig 5A). Importantly, knockdown of idgf2 in a dis3L2 wild-type background has no effect on
the area of the tissue (Fig 5B). Consistent with a role for Dis3L2 in regulating Idgf2, re-expres-
sion of Dis3L2 specifically in dis3L212 mutant wing discs also results in a reduction of idgf2
mRNA (S5B Fig). Further, levels of idgf2mRNA were also significantly increased in wing
Fig 4. RNA-seq analysis of transcripts misregulated in dis3L2 mutants compared to controls. A) 501 transcripts (red dots) were determined as
differentially expressed between dis3L212 and control wing imaginal discs following stringent filtering criteria. B) Top 30 upregulated transcripts and their
replicate FPKMs in control (blue) and dis3L212 (red) wing discs. C) 5 out of 6 selected transcripts showed significant increases in expression by qRT-PCR in
both the sequenced samples and fresh validation samples. n = 6, error bars represent SEM, ���� = p<0.0001, �� = p<0.01, ns = p>0.05. D) idgf1, 2 and 3 are
upregulated at the post-transcriptional as well as the transcriptional levels in the dis3L2 null mutant compared to controls. qRT-PCR was used to detect the
pre-mRNA and mRNA transcripts. n = 6, error bars represent SEM, p<0.05 for all.
https://doi.org/10.1371/journal.pgen.1009297.g004
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imaginal discs dissected from a publicly available independent line carrying a CRISPR engi-
neered catalytic dead dis3L2mutation [13] (S5C Fig).
To confirm that increased expression of Idgf2 alone is sufficient to drive tissue overgrowth
and proliferation in-vivo we generated a UAS-Idgf2 transgenic line which resulted in a signifi-
cant increase idgf2 expression when expressed throughout the wing imaginal disc (using
69B-GAL4) (S5D Fig). Overexpression of Idgf2 throughout the wing imaginal disc resulted in
significant wing and wing imaginal disc overgrowth (as a result of increased proliferation in
the wing imaginal disc and subsequent increased number of cells in the adult wing) to a level
not different from that observed following dis3L2 depletion using the same 69B-GAL4 driver
(Fig 5C–5F).
Loss of DIS3L2 in HEK-293T cells drives proliferation and upregulates the
PI3-Kinase pathway
Given the lack of knowledge about the mechanism whereby Idgf2 drives proliferation in Dro-
sophila we turned to human cell culture to identify the signalling pathway activated in DIS3L2
deficient cells. Previous work in HeLa cells demonstrated that reduction in DIS3L2 levels
results in an increase in cell number [9]. Given the association between DIS3L2 and the kidney
tumour, Wilms’ Tumour, we tested whether the loss of DIS3L2 was sufficient to promote pro-
liferation in HEK-293T cells, which are a more physiologically relevant, embryonic kidney
derived cell line. Using siRNA against DIS3L2 we achieved a maximal knockdown of 91.8%
(72hrs post transfection) with a knockdown of>85% between 48 and 96 hours post transfec-
tion (144hrs post transfection a 62% knockdown was still present) (S6A Fig). During this
period we observed an increase in cell number in the DIS3L2 knockdown cells compared to a
scrambled siRNA control, demonstrating a conserved role for controlling proliferation in a
clinically relevant cell type (Fig 6A). Interestingly, the hyperplasia resulting from DIS3L2
depletion has some tissue specificity as the same experiments in the osteosarcoma cell line U-2
OS showed no phenotype (Figs 6B and S6B).
Having confirmed the conservation of the phenotype between Drosophila and human cells,
we set out to identify the molecular pathway controlled by DIS3L2 to regulate proliferation.
We first made use of publicly available RNA-sequencing data from HEK-293T cells that condi-
tionally express a catalytically dead DIS3L2 [14] and identified 111 differentially expressed
transcripts. Gene ontology analysis of these transcripts indicated the potential enrichment of
the PI3 Kinase (PI3-K) pathway (the only significant hit with an enrichment score of 1.93).
This would be consistent with previous data showing that ectopic expression of an Idgf2 ortho-
logue, CHI3L1, activates the AKT pathway in a variety of human cells [18–20]. To test the
effect of depletion of DIS3L2 on the PI3-K/AKT pathway we used Western blotting to assess
the phosphorylation status of AKT (T308 and S473) in addition to downstream pathway
Fig 5. Idgf2 drives tissue overgrowth in dis3L2 mutant animals. A) Knockdown of idgf2 (purple) but not idgf1 (pink) or idgf3 (pale purple)
in the posterior region (en-GAL4) of dis3L2mutant wing imaginal discs rescues the wing overgrowth phenotype to the same extent as
expressing Dis3L2 itself (green). n = 16–34, error bars represent 95% CI, ���� = p<0.0001, ns = p>0.05. Dotted lines represent the average
area of the posterior region of mutant and control wings. B) Knockdown of idgf2, using en-GAL4, in a dis3L2wt background has no effect on
wing area. n = 16–18, error bars represent 95% CI, ���� = p<0.0001, ns = p>0.05. C) Overexpression of Idgf2 throughout the wing imaginal
disc using the 69B-GAL4 driver (purple) results in overgrowth of the wing to the same extent as observed when dis3L2 is knocked down
using the same method (red). n = 18–35, error bars represent 95% CI, ���� = p<0.0001. D/D’) Assessment of wing cell number (D) and wing
cell size (D’) when Idgf2 is overexpressed throughout the wing using 69B-GAL4 demonstrates an increase in cell number. n = 19–22, error
bars represent 95% CI, ���� = p<0.0001. E) Idgf2 overexpression (with 69B-GAL4) results in an increase in wing imaginal disc area.
n = 9–13, error bars represent 95% CI, ����p<0.0001. F) Consistent with an increase in cell number Idgf2 overexpression wing imaginal
discs (UAS-Idgf2/+; 69B-GAL4/+) show increased proliferation to a level consistent with that observed in dis3L2 deficient wing imaginal
discs (UAS-dis3L2RNAi/+; 69B-GAL4/+). n = 9–13, error bars represent 95% CI, � = p<0.05, scale bar = 50μm.
https://doi.org/10.1371/journal.pgen.1009297.g005
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members. We also assessed the phosphorylation status of p42/44 MAPK, another crucial, con-
served growth mediator also shown to be activated by ectopic CHI3L1/2 expression [21–23].
This demonstrated that loss of DIS3L2 did not affect MAPK phosphorylation but results in
increased phosphorylation of pAKT at T308, and a complementary increase in phosphoryla-
tion of one of its targets, pPRAS40 (Fig 6C). T308 is known to be phosphorylated by PDK1 fol-
lowing PI3-K activation [24], whereas S473, which shows a partial but inconsistent increase, is
phosphorylated by mTORC2 [25].
Having identified an apparent activation of PI3-K/AKT signalling in DIS3L2 deficient cells
we asked if mTORC1 was activated, as might be expected for PI3-K dependent growth. We
assessed the phosphorylation status of the mTORC1 target, 4E-BP on 4 conserved sites. This
approach demonstrated that increased phosphorylation on S65 and T37/46 was observed in
DIS3L2 knockdown cells (Fig 6D). However, we could not confirm increased T70 phosphory-
lation. To ask if the observed changes in phosphorylation status represented post-translational
pathway activation or protein upregulation, we assessed changes in total levels of AKT,
PRAS40 and 4E-BP. In all cases we saw changes in phosphorylation were over and above
changes in steady state levels of the proteins (S6C Fig). However, due to some technical varia-
tion it is unclear as to whether the changes are solely driven by increased phosphorylation and
it remains possible that these observations could be caused a combination of protein upregula-
tion and post-translational modification. To phenotypically assess if the PI3-K pathway is
responsible for driving overgrowth in DIS3L2 knockdown HEK-293T cells we treated them
with the PI3-K inhibitor wortmannin. Whilst the addition of 250nM wortmannin to control
cells did not appear to affect growth, wortmannin treatment of DIS3L2 knockdown HEK-
293T cells resulted in a complete rescue of overgrowth, demonstrating a growth profile similar
to that of the scrambled control with or without wortmannin (Fig 6E). Wortmannin activity
was confirmed by assessing the levels of pAKT (T308), pPRAS40 and p4E-BP (T37/46) by
Western blot which showed a specific reduction in phosphorylation in DIS3L2KD HEK-293T
cells following wortmannin treatment (Figs 6F and S6D). Taken together, although further
work is required to elucidate the manner of PI3-Kinase pathway upregulation, this data dem-
onstrates the first example of a mechanism through which DIS3L2 regulates proliferation in
human cells, and may be consistent with the overgrowth induced by the orthologues of Idgf2.
Increased proliferation in dis3L212 wings is wortmannin-sensitive
Having identified a role for the PI3-K/AKT pathway in DIS3L2 knockdown HEK-293T cells
we asked if the same pathway was mediating growth in the Drosophila wing imaginal discs. To
address this, we fed wortmannin to larvae at concentrations of 5μM and 10μM at various
stages during their development. At these optimised concentrations, the wild-type larvae are
not affected. Whilst the presence of wortmannin from 24, 48 or 72hrs into development had
no effect on dis3L2wt wing area, dis3L212 wings were significantly smaller than those fed the
Fig 6. DIS3L2 depletion in HEK-293T cells results in PI3-K induced hyperplasia. A) Knockdown of DIS3L2 in HEK-293T cells confers a growth
advantage compared to a scrambled control. n = 6, error bars represent 95% CI, � represent significant differences where error bars to not overlap. B)
Knockdown ofDIS3L2 in U-2 OS cells has no effect on cell number compared to a scrambled control. n = 6, error bars represent 95% CI, � represent
significant differences where error bars to not overlap. C) Representative image and quantification of key growth promoting phospho-proteins in HEK-
293T cells treated with siDIS3L2 (DIS3L2KD) or siScrambled (Scrambled). n = 5, error bars represent SEM. D) Representative image and quantification of
three different 4E-BP phosphorylation sites in HEK-293T cells treated with siDIS3L2 (DIS3L2KD) or siScrambled (Scrambled). n = 3, error bars represent
SEM. E) Treatment ofDIS3L2KD HEK-293T cells with Wortmannin (250nM) results in a rescue of the proliferation phenotype to that of a scrambled
control with or without Wortmannin treatment (DMSO). Note that the growth of the scrambled control is not affected by this dose of Wortmannin. n = 4,
error bars represent 95% CI, � represent significant differences where error bars to not overlap. F) Western blot showing the increased levels of pAKT
(T308), pPRAS40 or p4E-BP (T37/46) in DIS3L2KD HEK-293T cells 72hrs post transfection is lost upon wortmannin treatment. Hatched bars represent
samples treated with wortmannin, n = 5, error bars represent SEM. �� = p<0.01, � = p<0.05.
https://doi.org/10.1371/journal.pgen.1009297.g006
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 14 / 29
vehicle control food (containing DMSO) (Fig 7A–7C). Although the rescue of wing area was
not complete, we saw a significant reduction in the overgrowth suggesting that Dis3L2-me-
diated control of growth occurs in a conserved manner at least partially through a PI3-Kinase
sensitive network. Consistent with a role for Idgf2 in driving the overgrowth phenotype in
dis3L212 animals, the feeding of wortmannin to flies overexpressing Idgf2 (throughout the
wing imaginal disc using 69B-GAL4) also results in a comparable reduction in tissue area (Fig
7D). Additionally, and congruent with our HEK-293T cell data, we observe increased phos-
phorylation of AKT at T342 (homologous to T308) in both dis3L212 larvae and those with
ubiquitous Idgf2 overexpression demonstrating the conservation of Dis3L2-mediated growth
control (Fig 7E). However, it is important to note that we were unable to assess total AKT lev-
els in our mutant/overexpression animals and therefore further work is required to identify
the mechanism behind the increased phosphorylation of AKT. Finally, although wing area is
reduced in dis3L212 flies following wortmannin treatment, the addition of wortmannin has no
effect on the overexpression of idgf2 within the wing imaginal disc showing that Idgf2 overex-
pression lies genetically upstream of the activation of the PI3-K pathway in these tissues (Fig
7F). Together these data are consistent with a role for Idgf2 in driving the wortmannin sensi-
tive pathway to promote proliferation and tissue overgrowth in dis3L212 tissues. Further work
is required to investigate if Idgf2 directly activates the PI3-Kinase network in Drosophila
together with the nature of the pathway activation; the identification of the Idgf2 receptor is
crucial to this concept. Nevertheless, we have, for the first time, uncovered a conserved mecha-
nistic pathway whereby Dis3L2 regulates cell proliferation in both Drosophila and human
cells.
Discussion
Dis3L2 induced overgrowth in Drosophila requires upregulation of the
growth factor Idgf2
In this study we have used a new dis3L2 null mutant to identify Idgf2 as the factor responsible
for driving proliferation and overgrowth in dis3L2 loss of function Drosophila tissues. Using
RNA-sequencing data generated in this study, together with our analysis of published data, it
is clear that idgf2 expression is sensitive to Dis3L2 in a variety of Drosophila tissues. Crucially,
idgf2mRNA has been shown to co-precipitate with a catalytic dead Dis3L2 in Drosophila
embryonic S2 cells, suggesting Dis3L2 is able to directly degrade idgf2mRNA. Interestingly,
idgf2mRNA also increases in levels, although to a lesser extent, in testes mutant for the termi-
nal uridylyl transferase tailor [11], indicating that idgf2may be targeted to Dis3L2 by 3’ uridy-
lation. Further, re-expression of Dis3L2 specifically in the wing disc results in specific
reduction in idgf2. Therefore, although further work is required to assess the ways in which
Dis3L2 mediates clearance of idgf2 transcripts, these analyses provide strong evidence that
Dis3L2 functions to control proliferation in Drosophila by regulating idgf2 expression. Inter-
estingly, we also observe an increase in idgf2 pre-mRNA suggesting an additional increase at
the transcriptional level. This therefore suggests that the increase in idgf2 in dis3L2mutant tis-
sues is a combination of direct and indirect effects which subsequently results in the over-
growth of the tissue.
Although Drosophila Idgf2 is the best molecularly characterised of the Idgfs in that its crys-
tal structure has been determined [26], the downstream pathway it activates remains elusive,
although data presented here suggests that Idgf2 could promote PI3-K signalling to drive pro-
liferation. For example, the fact that both Idgf2 overexpression and Dis3L2 mutant larvae
show increased phosphorylation of AKT at T342, demonstrate wortmannin-sensitive over-
growth, and that idgf2 expression remains elevated in dis3L2mutant tissues treated with
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Fig 7. PI3-K is involved in driving proliferation in dis3L212 mutant wings. A-C) Feeding of Wortmannin to Drosophila larvae at 5μM or 10μM results
in a significant reduction specifically in dis3L212 wings and not dis3L2wt wings. Developing larvae were cultured on Wortmannin or control (DMSO)
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wortmannin suggests that Idgf2 lies upstream of the wortmannin-sensitive pathway. We have
shown that increased Idgf2 is sufficient to drive proliferation and tissue growth and results in
increased AKT phosphorylation at T342 which provides in-vivo evidence to support previous
findings that Idgf2 promotes proliferation of Drosophila wing disc cells in culture [27,28].
Whilst the wortmannin data suggests the wing overgrowth is indeed PI3-K sensitive it is
important to note that due to technical difficulties regarding the small size of the wing imagi-
nal discs these preliminary conclusions are drawn on system-wide changes across the larvae.
Further work would therefore be required to identify of the nature of increased pathway activ-
ity in addition to specifically addressing the signalling mechanisms within the wing imaginal
disc. Interestingly, Blanco et al showed that Idgf2 increases in expression by 4-fold during
early stages of tissue regeneration [29]. Further, it has recently been shown that Idgf2 protects
imaginal disc cells (C1.8) in culture from apoptosis and that this cytoprotection is associated
with the induction of genes associated with energy metabolism and innate immunity [27]. Our
SUnSET labelling, which shows increased translation in dis3L2mutant cells, would support
the idea that these cells are more physiologically active than normal cells. It is therefore possi-
ble, that under normal conditions, Dis3L2 functions to restrain Idgf2 signalling, however, in
its absence the wing disc cells are ‘primed’ in a more proliferative state to facilitate the repair of
damaged tissue or protect the cells from death.
Idgf2 is a member of the conserved Chitinase-like protein (CLP) family and orthologous to
CHI3L1 and CHI3L2. Consistent with our findings, both CHI3L1 and CHI3L2 have been
shown to drive proliferation in a variety of human cell types [18,20–23,30] in addition to being
associated with numerous chronic inflammatory diseases and cancers including glioblastoma,
non-small cell lung cancer and colon cancer. Interestingly, in the case of colorectal cancer,
downregulation of DIS3L2 (as a consequence of knockdown of lncRNA AC105461.1)
enhances the proliferation and stem-cell like properties of cells of the colorectal cancer line
SW480 [31]. In line with the data presented here, ectopic CHI3L1 expression has been shown
to stimulate AKT phosphorylation in a variety of cell types [18–20,30,32]. However, CHI3L1
and CHI3L2 are expressed at very low levels in immortalised cell lines and we were unable to
reliably detect an increase in CHI3L1 or CHI3L2 transcripts in our HEK-293T cells. Therefore,
it is also possible that another factor may be responsible for the hyperplasia observed in our
DIS3L2-deficient HEK-293T cells.
DIS3L2 represses PI3-K/AKT pathway activity in HEK-293T cells
DIS3L2 loss of function mutations have been implicated Perlman Syndrome and Wilms’
tumour of the kidney [9]. To assess the role of DIS3L2 in human kidney cells we depleted
DIS3L2 in HEK-293T cells and, as in Drosophila, we observed strong increases in proliferation
and identified a potential role for the PI3-Kinase in driving this phenotype. The role of DIS3L2
in human cells was also shown to have some specificity since the overgrowth phenotype is not
observed in following DIS3L2 knockdown in the osteosarcoma cell line U-2 OS. Although the
PI3-K pathway is active in both these cell lines, there are many possible reasons why the two
cell lines do not behave in the same way. For example, the differences could also be due to the
containing food from (A) 24, (B) 48 or (C) 72 hours after egg lay (AEL). n = 16–58, error bars represent 95% CI, ��� = p<0.001, ���� = p<0.0001. D)
Feeding of Wortmannin to larvae at 10μM results in a significant reduction of Idgf2 overexpression (69B>idgf2) wing area but not control (69B-GAL4
parental) wings. Developing larvae were cultured on Wortmannin or control (DMSO) containing food from 48 hours AEL. n = 20–33, error bars
represent 95% CI, ���� = p<0.0001. E) Assessment of AKT phosphorylation at T342 in dis3L2wt, dis3L212, and Idgf2 overexpression (driven by Tub-
GAL4) 120hr old L3 larvae shows increased T342 phosphorylation in L3 larvae mutant for dis3L2 and those with ubiquitous Idgf2 overexpression.
n = 6–10, error bars represent SEM, � = p = 0.0121, ��� = p = 0.0003. F) Addition of 10μM Wortmannin does not affect idgf2 overexpression in dis3L212
wing imaginal discs showing Idgf2 is upstream of the Wortmannin sensitive pathway. n = 3–4, error bars represent SEM, �� = p<0.01.
https://doi.org/10.1371/journal.pgen.1009297.g007
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tissue of origin of the cell line, or could be due to HEK-293T being virally immortalised rather
than cancerous and therefore this genetic difference may also be the cause of the different
behavior of the two cell lines. Mammalian target of rapamycin (mTOR), is a downstream
mediator in the PI3-K signalling pathway and is an essential serine/threonine kinase which is
aberrantly activated in human osteosarcoma [33,34]. As this activation of mTORC is often
independent of upstream signalling, including PI3-K, this could provide an explanation for
the lack of influence of DIS3L2 on proliferation in osteosarcoma cells. Alternatively, given that
Perlman Syndrome and Wilms’ tumour are early, developmental diseases is could be that
DIS3L2 is essential to maintain proliferation early in development. U-2 OS cells are from an
adolescent whilst HEK-293T cells are embryonic and therefore this could influence the effect
of loss of DIS3L2. This would be congruent with our previous work showing that Dis3L2 is
critical to control proliferation during early development in Drosophila [1].
We observed increases in AKT/mTORC1 activity following the loss of DIS3L2 in HEK-
293T cells, providing the first mechanistic explanation for DIS3L2 induced overgrowth in
mammalian cells, although further work is required to better understand that nature of path-
way activation. Interestingly, we saw increased phosphorylation of the PDK1 sensitive T308
site of AKT, however, we did not see consistent increases in S473 phosphorylation, catalysed
by mTORC2 [25]. T308 has been shown to be sufficient for AKT activity, although its activity
is reduced without S473 phosphorylation [35,36]. Consistent with our data, in both Drosophila
and mouse models it has been shown that phosphorylation of the hydrophobic motif (S473 in
humans and mice, S505 in Drosophila) is important for FOXO regulation but is not required
for mTOR activation and regulation of T342 phosphorylation in Drosophila is important for
growth control [37–40]. Whilst the lack of S473 activation may due to technical issues, it may
also explain the controlled tissue growth we see in Drosophila. For example, the partial activa-
tion of AKT may be sufficient to drive increased growth through TORC1, however, without
S473 activation, and subsequent FOXO inhibition, some control over proliferation is retained.
Whilst we observe increased phosphorylation of AKT at T342 in-vivo in both Dis3L2 null and
Idgf2 overexpressing animals, the lack of S473 phosphorylation in our experiments in HEK-
293T cells is also consistent with the lack of activation of the corresponding site in Drosophila
(S505) following ectopic Idgf2 expression in C1.8 cells [27].
Our conclusion that the PI3-K pathway contributes towards loss of DIS3L2 induced over-
growth is strengthened by the observation that the increased proliferation in DIS3L2 deficient
cells was specifically inhibited following wortmannin treatment. These findings are also con-
gruent with our re-analysis of RNA-seq data from DIS3L2 catalytic dead HEK-293T cells [14]
which, in our hands, shows the only significantly differentially expressed pathway to be the
PI3-K pathway. This apparent role for PI3-K in mediating Dis3L2-regulated growth appears to
be conserved as we also present preliminary data in our Drosophilamodel demonstrating
wortmannin-sensitivity and increased AKT phosphorylation. The mechanism behind the
increased phosphorylation and whether Idgf2 directly activates this pathway, or there is co-
operation with other pathways in Drosophila requires further work and remains under
investigation.
How is Dis3L2 recruited to its RNA targets?
At present the molecular mechanisms whereby Dis3L2 specifically regulates the expression of
idgf2 are unknown. One hypothesis is that sequences or structures within the mRNA itself ren-
der it particularly susceptible to degradation by Dis3L2. Previous work in human andDrosoph-
ila cells has identified a role for Dis3L2 in regulating RNA polymerase III transcripts [12–14]
which have U-rich 3’ ends as a result of pol III terminators. Interestingly, MEME [41] analysis
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of the 3’ UTRs of mRNAs upregulated in dis3L212 mutant wing discs which also co-precipitate
with Dis3L2 [13] show a significant enrichment of a U-rich motif (40% submitted transcripts),
and a CA-rich motif (14.1% of submitted transcripts) which are not enriched in a control data
set (mRNAs that do not change in expression or co-precipitate with Dis3L2 in S2 cells) (S4E
Fig). Given the preference of Dis3L2 in degrading U-rich regions this could demonstrate an
intrinsic mechanism facilitating Dis3L2-mediated decay of a specific set of mRNA substrates.
Further, the control data set showed enrichment of a G-rich motif which was not identified in
the list of likely Dis3L2 substrates (S4F Fig). The inability of Dis3L2 to degrade G terminated
RNAs [13], together with the fact that G-rich regions form stabilising G-quadruplex structures
further strengthens the validity of our target dataset. Finally, transcripts with shorter 3’UTRs
appear to be more sensitive to Dis3L2 activity (446nt vs 598nt; S4B Fig) which is consistent
with data from S. pombe [3], however, the reason behind this remains unknown. Consistent
with these findings, idgf2 has a very short 3’ UTR at 50bp in length and although it does not
contain an extended U-rich motif as identified above, it does contain an AU-rich element
which has been shown to target transcripts for 3’-5’ decay by both the exosome and Dis3L2.
Whilst the data presented here demonstrate a novel, and potentially conserved, mechanism
through which Dis3L2 mediated decay of idgf2 is required to control tissue growth, the down-
stream signalling pathway activated by Idgf2 remains elusive. However, it appears that the
involvement of the PI3-K pathway in inducing Dis3L2-mediated overgrowth is conserved
between Drosophila and human HEK-293T cells given our identification of increased AKT
phosphorylation in both models. Further understanding of these pathways is critical to under-
standing not only the DIS3L2 regulated conditions but the many other conditions also driven
by the increased expression of the CLP family of proteins. Exploring the endogenous role of
CLP proteins in tissue culture cells is difficult due to their low levels of expression and there-
fore our in-vivo Drosophilamodel is an exciting and appropriate system to further unlock this
largely unknown pathway of tissue growth and proliferation.
Methods
Drosophila husbandry
Fly stocks were cultivated on standard media in uncrowded conditions at 25˚C unless other-
wise stated. The following stocks were obtained from Bloomington Stock Center: Tub-GAL4
(P{w+mC = tubP-GAL4}LL7 originally from stock 5138, y1 w
�
;; P{w+mC = tubP-GAL4}LL7/
TM6b,GFP), act5C-GAL4 (stock 4414, y1 w
�
; P{w+mC = Act5C-GAL4}25FO1/CyO, y+;), nub-
GAL4 (stock 25754; P{UAS-Dcr-2.D}1, w1118; P{GawB}nub-AC-62), 69B-GAL4 (stock 1774;
w�;; P{GawB}69B), UAS-idgf1RNAi (stock 57508, y1sc
�
v1; P{TRiP.HMC04823}attP40), UAS-
idgf2RNAi (stock 55935, y1sc
�
v1; P{TRiP.HMC04223}attP40), UAS-idgf3RNAi (stock 67226,
y1sc
�
v1; P{TRiP.HMC06327}attP40), Df(3L)Exel6084 (stock 7563, w1118;; Df(3L)Exel6084, P
{XP-U}Exel6084/TM6B). Stocks obtained from the Vienna Drosophila Resource Center were:
UAS-dis3L2RNAi (stock v51854, w1118; P{GD9240}v51854; and stock v100322,;; P{KK105902}
VIE-260B) and Dis3L2CD (stock 312503). en-GAL4 (A kind gift from Paul Martin,; engrailed-
GAL4,UAS-GFPactin/Cyo;). To overexpress Dis3L2 the stock w�;; P{GSV3}GS6090/TM6 was
purchased from the Kyoto Stock Center (stock 200902), however, a mutation outside the
Df6084 locus caused homozygous lethality; this was repaired by recombination.
Generation of CRISPR mutants
A gRNA to the first exon of dis3L2 was cloned into the Bbs1 site of pCFD3-dU6:3. The result-
ing vector was then sent to BestGene Inc for injection into vas-Cas9 embryos (BDSC 51323 y1
M{vas-Cas9}ZH2A w1118). Potential mutant chromosomes were balanced and subject to PCR
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 19 / 29
screening using the gRNA as a forward primer (see S1 Table for all primers/gRNA used in this
study). Potential mutant stocks were sequenced at Eurofins Genomics. An 8bp frame shift
mutation was identified and its lack of Dis3L2 confirmed by Western blotting. This line was
named dis3L212.
Western blotting and generation of anti-dDis3L2 antibody
A polyclonal antibody was raised against the N-terminal tagged Dis3L2 peptide consisting of
the first 198 amino acids of the Drosophila protein. pDNR plasmid-B527503, containing the
cDNA for Drosophila CG16940 RC gene (Isoform PC), was used as template for the amplifica-
tion of the Drosophila dis3L2 gene in the construction of two N-terminal fusion proteins with
different tags (GST-Dis3L2 and MBP-Dis3L2), that were expressed and purified in E. coli. The
GST- and MBP-tagged proteins were used for the immunization in the goat and for the affinity
purification of the anti-serum, respectively (by SICGEN, Portugal).
Western blots were performed in samples of adult females (x3), 120hr L3 larvae (x5) or
wing imaginal discs (x60). Tubulin was used as a loading control on all blots. All blots apart
from those assessing AKT T342 phosphorylation were blocked in Odyssey Blocking Buffer
(PBS) (LI-COR cat. no. 927–40000) with antibody incubations performed in Odyssey Blocking
Buffer containing 0.1% Tween. Mouse anti-Tubulin primary antibody (Sigma, cat. no. T9026)
was used at 1:2000 dilution. Goat anti-Dis3L2 (produced in this study) was used at 1:2500. Anti-
mouse, anti-rabbit and anti-goat fluorescent secondary antibodies were used at 1:20,000
(LI-COR Donkey anti-mouse IRDye 800CW (cat. No. 925–32212), Goat anti-rabbit IRDye
680RD (cat. no. 926–68071) and Donkey anti-goat IRDye 680RD (cat. no. 925–68074)). Anti-
human DIS3L2 (hDIS3L2) was used at 1:500 (Novus Biologicals cat. no. NBP-1-84740). Anti-
GAPDH (Abcam cat. no. ab8245) was also used at 1:10,000 as a human specific loading control
along with the anti-mouse IRDye 800CW secondary antibody above. Blots assessing AKT T342
phosphorylation were washed in 0.1% TBS-Tween and blocking and antibody incubation steps
performed in 5% BSA in 0.1% TBS-Tween. Anti-pAKT (T342) (Phosphosolutions cat. no. p104-
342) was used at 1:500. Detection and quantification were performed using the LI-COR Odyssey
FC imager and Image Studio (version 5.2) respectively. Uncropped blots are shown in S2 File.
Phospho-specific western blotting in HEK-293T cells
Blots were performed on cell pellets from the specified time post transfection or treatment.
Samples were ran on 4–12% Novex gradient gels (Invitrogen cat. no NP0321BOX) or Mini-
Protean TGX Stain-Free 4–15% gels (Bio-Rad cat. no. 4568084). All membranes were blocked
in 3% BSA in TBS with antibody incubation in 3% BSA in 0.1% TBS-Tween. Primary antibod-
ies used were as follows: Anti-pAKT (T308) (Cell Signalling cat. no. 1303S), anti-pAKT (S473)
(Cell Signalling cat. no. 4060S), anti-AKT (Cell Signalling cat. no. 4685S) anti-pp42/44 MAPK
(T202/Y204) (Cell Signalling cat. no. 9101S), anti-pPRAS40 (T246) (Cell Signalling cat. no.
2997S), anti-PRAS40 (Cell Signalling cat. no. 9644S), pS6-Ribosomal Protein (Cell Signalling
cat. no. 2215S), anti-p4E-BP (T37/46) (Cell Signalling cat. no 2855S), anti-p4E-BP (S65) (Cell
Signalling cat. no. 9451S), anti-p4E-BP (T70) (Cell Signalling cat. no. 5078S) and anti-4E-BP
(Cell Signalling cat. no. 2610S) were all used at 1:1000. Mouse anti-Tubulin primary antibody
(Sigma, cat. no. T9026) was used at 1:2000 dilution. Goat anti-Rabbit IRDye 680RD (LI-COR
cat. No. 925–68071) and Donkey anti-mouse IRDye 800CW (cat. No. 925–32212) were used at
1:20,000. Detection and quantification were performed using the LI-COR Odyssey FC imager
and Image Studio (version 5.2) respectively. Differential phosphorylation status was assessed
by normalising signal in DIS3L2KD cells to the respective scrambled control ran on the same
gel. Uncropped blots are shown in S2 File.
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Assessing lifespan
1 day old dis3L2wt and dis3L212 flies were transferred into new food. Every 3–4 days flies were
transferred into new food and the number of deceased flies were counted. This continued
until all flies had deceased.
Measurement of wing and wing imaginal disc area
Adult flies were aged to between 1 and 2 days old for all wing measurement experiments. A
single wing was cut from each fly and stored in isopropanol for 1 hour before being mounted
in DPX (Sigma cat. no. 06522). All results shown are for male wings, however, female wings
also showed the same phenotypes. Mounted wings were measured using Axiovision 4.7 on an
Axioplan microscope (Carl Zeiss). Imaginal discs were dissected in PBS from 120hr old L3 lar-
vae, aged using a 1 hour egg lay. Dissected discs were mounted in 85% Glycerol on Poly-
L-Lysine slides. Imaginal disc area was measured using Axiovision 4.7 on an Axioplan micro-
scope (Carl Zeiss). Salivary glands were prepared and imaged using the same methodology as
used for imaginal discs.
Measurement of whole flies and larvae
Control and mutant female flies were left for 1 hour to lay on grape agar plates at 25˚C. 24
hours later 20 L1 larvae were transferred into food vials and left to develop in uncrowded con-
ditions. 5 vials (100 larvae total) were set up for each genotype. Eclosing adults were then aged
to 1 day old, individually weighed and photographed. Specific, defined regions of each male fly
were then measured using ImageJ (S7 Fig). Larval mass was calculated by washing 120hr L3
larvae (cultured as above) in PBS then weighing individually in an Eppendorf. Larval footprint
was calculated from the weighed flies following 30 min incubation in 100% Methanol where
the larvae elongate. Larvae were then photographed and their “footprint” was measured in pix-
els using ImageJ.
SUnSET labelling
Surface sensing of translation (SUnSET) was performed on dis3L2wt and dis3L212 wing imagi-
nal discs. Wing discs were dissected in batches of 30 and incubated in fully supplemented
Shields and Sang M3 insect medium (Sigma-Aldrich, cat. no S8398) containing 2μg/ml Puro-
mycin (Sigma-Aldrich, cat. no. P8833) for 1 hour at 25˚C with rotation. Western blotting was
performed to determine the levels of Puromycin incorporation with Tubulin as a loading con-
trol. Mouse anti-Tubulin primary antibody (Sigma-Aldrich, cat. no. T9026) was used at 1:2000
dilution. Mouse anti-Puromycin (clone 12D10) primary antibody (Merck Millipore, cat. no.
MABE343) was used at 1:1000 dilution. Anti-mouse IRDye 800CW secondary antibody
(LI-COR Biosciences, cat. no 926–32210) was used at 1:20,000 dilution to detect both primary
antibodies. Each sample was run in parallel on two gels/membranes so the Tubulin band could
be distinguished from Puromycin containing peptides. Quantification of Tubulin (46kDa) and
Puromycin peptides (from smallest size visible to 240kDa) was achieved using LI-COR Biosci-
ences Image Studio software. In each case Puromycin signal in dis3L212 tissues was compared
to dis3L2wt samples ran on the same gel. Uncropped blot is shown in S2 File.
Fertility assays
Individual virgin, 3 day old male flies of the test genotype were crossed to 2 virgin dis3L2wt
females. Flies were left for 48 hours to mate, and then removed. Eclosing progeny were
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counted for 7 days. In all crosses using dis3L212 homozygous and hemizygous male parents,
many eggs were laid by the dis3L2wt females but none were fertilised.
Generation of UAS-dis3L2 and UAS-idgf2 lines
Drosophila dis3L2was amplified from pDNR-DUAL (DGRC clone BS27503) using two primer
pairs; (1) PC which amplified the full coding region of dis3L2 capable of encoding both iso-
forms and (2) PA which only amplified the coding region of the shorter isoform (PA). These
were cloned into the AgeI and XbaI sites of pUASP-attB. Constructs were then sent to Best-
Gene Inc for injection into a recipient line with an attP site at 51C1 (BDSC 24482; M
{3xP3-RFP.attP’}ZHC51C). Lines where the insert was successfully integrated were confirmed
by PCR and balanced. To produce the UAS-dis3L2ND line site-directed mutagenesis was per-
formed using the Agilent Quickchange Lightning mutagenesis kit (Agilent, cat. No. 210518),
and primers containing the G1738A mutation (D580N) on the pUASP-attB vector containing
the PC insert. Human DIS3L2 (Ensembl isoform 202) was amplified from oligo(dT) primed
cDNA produced from hFOB cells (ATCC CRL-11372) and cloned into the NotI and SpeI sites
of pUASP-attB. Injection and subsequent processing were performed as above. UAS-idgf2 was
produced by amplifying idgf2 (CDS and 3’UTR) from cDNA from dis3L2wt wing imaginal
discs and subsequent cloning to the NotI and SpeI sites of pUASP-attB. The created vector was
then injected into attP40 (y1 w67c23; P{CaryP}attp40) and balanced. The sequences of all primer
sets used are described in S1 Table.
Mitotic index
Immunocytochemistry was performed essentially as described in [1] on 120hr L3 wing imagi-
nal discs aged using 1 hour egg lay periods. Images were taken with a Leica SP8 confocal
microscope. Anti-Phosphohistone H3 (Cell Signalling, cat no. 9701) was used at 1:300 dilution.
Cy3-conjugated monoclonal Donkey anti-mouse IgG secondary antibody was used at 1:400
(Jackson ImmunoResearch, cat. no.715-165-151). The number of nuclei undergoing mitosis
were counted using the ImageJ plugin DeadEasy MitoGlia [42]. The mitotic index was then
calculated for each disc by dividing the number of cells in M phase by the area of the disc.
Wortmannin assay in Drosophila
Fresh food containing Formula 4–24 Instant DrosophilaMedium (Carolina cat no. 173200),
yeast and bromophenol blue was made each day with either the desired concentration of
Wortmannin (5μM or 10μM) or an equal volume of DMSO. 4 hour egg lays were performed
on grape agar plates and an equal number of larvae were transferred to Wortmannin or con-
trol food for each genotype at specific developmental time points (24hr, 48hr and 72hr after
egg lay) then left to develop at 25˚C. Consumption of the drug was confirmed by visualising
the blue food in the gut. Wings were then cut and measured from eclosing adults as outlined
above.
RNA-seq sample preparation and analysis
RNA was extracted from 60 wing imaginal discs dissected from 120hr L3 larvae. Three repli-
cates of control and mutant were dissected. In these experiments, control samples were col-
lected from a stock containing a 6bp mutation in dis3L2 that does not affect wing size or
induce any other obvious phenotype (S4A Fig). Downstream qRT-PCR validation samples
were collected from the dis3L2wt stock which contains the wild-type sequence and were
grouped together with the sequenced samples for downstream analysis (dis3L2wt). To ensure
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accurate aging, 3 hour egg lays were used and wing discs were dissected in Ringers solution
120hrs after egg laying. RNA was extracted using a miRNeasy RNA extraction kit (Qiagen, cat.
no. 217084), with on-column DNase digestion (Qiagen, cat. no. 79254). RNA concentrations
were measured on a NanoDrop One spectrophotometer (Thermo Scientific). RNA integrity
was assessed on an Agilent 2100 Bioanalyser.
400ng total RNA was depleted for ribosomal RNA as performed in [43] with the resulting
RNA sent to Leeds Genomics for library preparation using the Illumina TruSeq Stranded pro-
tocol. Subsequent libraries were run in a paired-end sequencing run on a HiSeq 3000 generat-
ing between 36 and 44 million reads per sample. Raw RNA-sequencing files have been
deposited in ArrayExpress. Accession number: E-MTAB-7451
Sequencing quality was assessed using FastQC c0.11.7 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and adapters were removed using Scythe v0.993b (https://
github.com/vsbuffalo/scythe). Further quality control and read trimming was achieved using
Sickle v1.29 (https://github.com/najoshi/sickle). The remaining high quality reads were
mapped to the Drosophila melanogaster genome from Flybase (r6.18 [44]) using HiSat2 v2.1.0
[45]. Differential expression was completed and normalised FKPM values were generated
using the Cufflinks pipeline [46]. Individual replicates from each condition showed good con-
sistency (S1 File). Due to issues with statistical outputs from these pipelines we used individual
replicate comparisons to minimise false positives when specifying that a gene is differentially
expressed. All mutant replicates required a fold change of>1.34 compared to all control repli-
cates. A fold change cut off of>1.34 was selected as this was the smallest fold change deemed
significant from the Cuffdiff output. Alignment results and non-default parameters used dur-
ing the analysis are shown in S1 File. Raw sequencing files from [11] were processed in the
same analysis pipeline to allow direct comparison.
RNA extraction and qRT-PCR
RNA extractions were performed using a miRNeasy RNA extraction kit (Qiagen, cat. no.
217084), with on-column DNase digestion (Qiagen, cat. no. 79254). RNA concentrations were
measured on a NanoDrop One spectrophotometer (Thermo Scientific).
For qRT-PCR, 1μg of total RNA was converted to cDNA in duplicate using a High Capacity
cDNA Reverse Transcription Kit (Life Technologies, cat. no. 4368814) with random primers.
A control "no RT" reaction was performed in parallel to confirm that all genomic DNA had
been degraded. qRT-PCR was performed on each cDNA replicate in duplicate (i.e. 4 technical
replicates in all), using TaqMan Universal PCR Master Mix, No AmpErase UNG (Life Tech-
nologies, cat. no. 4324018) and an appropriate TaqMan assay (Life Technologies). For custom
pre-mRNA assays, the pre-mRNA sequence of the desired target area was submitted to Life
Technologies’ web-based Custom TaqMan Assay Design Tool as in [47] (S1 Table). rpL32
(rp49) was used for normalisation.
Human cell culture and growth curve analysis
HEK-293T and U-2 OS cells were cultured in Dulbecco’s Modified Eagle’s Medium/F12
(DMEM/F12 –Gibco cat. no. 21331–020) supplemented with 10% foetal bovine serum (PAN
Biotech, cat. no. P40-37500), 2mM L-Glutamine (Gibco cat. no. 25030–024) and antibiotics
(100IU/mL penicillin, 100μg/mL streptomycin, Sigma Aldrich cat. no. 15140–122), at 37˚C in a
5% CO2 humidified incubator. For growth analysis of DIS3L2 knockdown, 3x10
5 cells were
plated in 6 well plates and transfected with 30pmol siRNA (DIS3L2 (Invitrogen cat. no.
AM16708) or scrambled control (Invitrogen cat. no. AM4611)) using Lipofectamine RNAiMAX
reagent (ThermoFisher cat. no. 13778030). Cell number was counted in triplicate every 24hrs for
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144hrs. For Wortmannin treatment analysis cells 3x105 HEK-293T cells were plated and treated
with siRNA as above. 250nM Wortmannin or an equal volume of DMSO was then added 20, 44,
and 68hrs, post-transfection. Cells were counted in triplicate every 24hrs following transfection.
Statistical tests
All statistical analyses were performed in either R v3.5.1 or GraphPad Prism 7. Two-sided two-
sample t-tests were used to compare the means of single test groups to single control groups. If
multiple comparisons were required, a one-way ANOVA was performed with a post-test to
compare the means of each possible pair of samples.
Supporting information
S1 Fig. Generation and characterisation of a CRISPR-Cas9 dis3L2 null mutant. A) DNA
sequencing of the control dis3L2wt and mutant dis3L212 lines where the arrow denotes the site
of mutation. B/B’/B”) The mass (B), footprint (B’) or salivary gland area (B”) of dis3L212 120hr
old L3 larvae are not significantly different from dis3L2wt controls. n = 16–31, error bars repre-
sent 95% CI, ns = p>0.05. C) Male flies lacking Dis3L2 are infertile. In all crosses no progeny
was observed for those using homozygous (dis3L212), hemizygous (dis3L212/Df) or dis3L2
knockdown (Tub>dis3L2RNAi) males. Error bars represent 95% CI, ns = p>0.05. For all
crosses males of each genotype were crossed to virgin dis3L2wt females. D/D’) dis3L212 mutant
males (D) and females (D’) have a reduced lifespan compared to dis3L2wt isogenic controls.
n = 47–57, error bars represent 95% CI with significant differences demonstrated by the lack
of overlapping error bars.
(TIF)
S2 Fig. Ectopic expression of Dis3L2 rescues dis3L212 induced overgrowth. A) Quantifica-
tion of Western blots performed on 3, 1-day old, female flies of the demonstrated genotypes.
n = 4–10, error bars represent SEM. B) Whilst specific re-expression of Dis3L2 in the wing
(with nub-GAL4) rescues wing overgrowth it does not rescue organism overgrowth. n = 10–
44, error bars represent 95% CI, �� = p<0.01, ���� = p<0.0001. C) Re-expression of wild-type
Dis3L2 (PC) but not catalytically dead Dis3L2 (ND) in the posterior compartment of the wing/
wing imaginal disc results in a specific rescue of the posterior area of the wing whilst the ante-
rior area remains significantly larger. n = 24–44, error bars represent 95% CI, ns = p>0.05, ���
= p =<0.001, ���� = p =<0.0001. D/E) Mild overexpression of Dis3L2 using the rescue UAS--
Dis3L2PA/PC constructs does not have a major effect on wing area when driven by nub-GAL4
(D) or en-GAL4 (E). n = 16–47, error bars represent 95% CI. F) Human DIS3L2 is successfully
expressed in Drosophila from the UAS-hDIS3L2 construct. Two human osteosarcoma cells
lines were used as positive controls (U-2 OS and SAOS-2). Protein lysate was prepared from
1x106 cells or 4, 1-day old, adult females. hDIS3L2 is observed specifically in the human cells
and female flies where UAS-hDIS3L2 had been driven by Tub-GAL4 at 25˚C (Tub>UAS-
hDIS3L2). No product was observed in the parental controls (UAS-hDIS3L2 and Tub-GAL4/
TM6), confirming no ‘leaky’ expression from the UAS-hDIS3L2 line. Tubulin used as a loading
control for all samples as the antibody detects both human and Drosophila protein. hGAPDH
used as an additional loading control specifically for the human cell line samples.
(TIF)
S3 Fig. Summary and highlights of the analysis of the RNA-seq experiment. A) Summary
of the number of transcripts showing up- and downregulation in dis3L212 wing imaginal discs.
A fold change cut off of>1.34 was selected as this was the smallest change deemed significant
by Cuffdiff. Inf change represents transcripts that were only detected in a single condition. B)
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Integrative Genomics Viewer screenshot showing accumulation of unprocessed RNaseMRP:
RNA transcripts in dis3L212 tissues. C) Scatter plot of misregulated genes coloured by significant
gene ontology categories. "None" represents genes that belonged to a category that was not sig-
nificantly enriched. D) Strip plots showing replicate FPKM values for each of the idgf family in
dis3L2wt and dis3L212 wing discs. Only idgf1, idgf2 and idgf3 show changes in expression.
(TIF)
S4 Fig. Additional information from RNA-seq data. A) The 6nt deletion in the control stock
used for RNA-sequencing does not affect Dis3L2 protein expression or wing area in male or
female flies. n = 19–33, error bars represent 95% CI, ns = p<0.05. B) Transcripts misexpressed
in dis3L212 wing imaginal discs have significantly shorter 3’ UTRs (446nt vs 598nt, Welch 2
sample t-test p = 2.078e-05). 5’ UTRs (337nt vs 365nt) and the coding sequence (CDS, 1712nt
vs 1837nt) show no difference in length between transcripts. Median and upper and lower
quartile are represented by horizontal lines with maximum and minimum values shown verti-
cally. C) All validated mRNAs show significant increases in expression in dis3L212 hemizygote
wing imaginal discs compared to dis3L2wt wing discs. n = 3–6, error bars represent SEM,
p<0.05 for all. D) 10% of transcripts misexpressed in dis3L212 wing discs are also misexpressed
in dis3L2mutant testes [11]. E) MEME analysis identifies U-rich and CA-rich motifs are sig-
nificantly enriched in likely Dis3L2 targets. U-rich: E-value = 5.2e-6, found in 40.6% of submit-
ted sequences. CA-rich: E-value = 0.0012, found in 14.1% of submitted sequences. F) A G-rich
motif present in 23.1% of control sequences (sequences that show no change and do not co-
precipitate with Dis3L2 [13]) is absent in Dis3L2 target sequences. E-value = 0.016.
(TIF)
S5 Fig. Assessing idgf2 levels in knockdown, mutant and rescue tissues. A) Ubiquitous
knockdown of idgf1, idgf2 and idgf3 by driving specific UAS-RNAi constructs with Tub-GAL4
results in>90% knockdown for all targets. n = 3, p<0.0004 for all, error bars represent SEM. B)
Re-expression of Dis3L2 in dis3L212 wing imaginal discs (nub>PC; dis3L212) results in a reduc-
tion of idgf2mRNA to a level not significantly different from dis3L2wt tissues. n = 5–6, error
bars represent SEM, ��� = p<0.001, ns = p = 0.4748. C) idgf2mRNA is significantly increased
in expression in the wing imaginal discs of an independent line carrying a CRISPR generated
catalytic dead mutation in the endogenous dis3L2 locus (dis3L2CD)[13]. n = 4–6, error bars rep-
resent SEM, ����p<0.0001, ���p = 0.0006. D) DrivingUAS-Idgf2with 69B-GAL4 results in a sig-
nificant increase in idgf2mRNA in the wing imaginal disc (UAS-idgf2/+; 69B-GAL4/+)
compared to controls. Controls include both parental lines. n = 6, 95% CI, ���� = p<0.0001.
(TIF)
S6 Fig. Knockdown of DIS3L2 and validation of Wortmannin activity in human cells. A)
Knockdown of DIS3L2 in human kidney HEK-293T cells is observed 48 hours after transfec-
tion and is retained until at least 144hrs post-transfection. Maximal knockdown is observed 72
hours post transfection. n = 4, error bars represent SEM, ���� = p<0.0001, �� = p<0.01. B)
Knockdown of DIS3L2 in human osteosarcoma U-2 OS cells is observed 48 hours after trans-
fection and is retained until at least 144hrs post-transfection. Maximal knockdown is observed
72 hours post transfection. n = 4, error bars represent SEM, ���� = p<0.0001. C) Representa-
tive image and quantification of Western blots assessing total protein levels of AKT, PRAS40
and 4E-BP in DIS3L2 knockdown or scrambled control HEK-293T cells 72hrs post transfec-
tion. n = 7, error bars represent SEM, � = p = 0.00379. Also shown is phosphorylated protein
levels normalised to total protein levels. n = 7, error bars represent SEM, � = p = 0.0214.
PRAS40 and 4E-BP also show a trend towards more phosphorylated protein but this is not sta-
tistically significant (p>0.05). D) Wortmannin treatment reduces pAKT (T308) pPRAS40 and
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p4E-BP (T37/26) signal in DIS3L2 Knockdown HEK-293T cells 48hrs post transfection. Rep-
resentative images and quantification of Western blots in DIS3L2KD or Scrambled control
HEK-293T cells treated with either DMSO or 250nM Wortmannin. n = 4, error bars represent
SEM, � = p<0.05, �� = p<0.01, ��� = p<0.001.
(TIF)
S7 Fig. Regions measured to assess male fly size. Measurements taken between the arrows
using ImageJ.
(TIF)
S1 Table. Primers used in this study.
(DOCX)
S1 File. Additional RNA-seq information.
(DOCX)
S2 File. Uncropped western blots.
(DOCX)
Acknowledgments
The authors would like to thank Chris Jones, Oliver Rogoyski, Elisa Bernard, Jose Pueyo-Mar-
ques and Helen Stewart for helpful discussions plus critical reading of the manuscript. We
would also like the thank Clare Rizzo-Singh for technical help.
Author Contributions
Conceptualization: Benjamin P. Towler, Sarah F. Newbury.
Data curation: Benjamin P. Towler.
Formal analysis: Benjamin P. Towler, Amy L. Pashler.
Funding acquisition: Simon J. Morley, Cecilia M. Arraiano, Sarah F. Newbury.
Investigation: Benjamin P. Towler, Amy L. Pashler, Hope J. Haime, Katarzyna M. Przybyl,
Sandra C. Viegas, Rute G. Matos.
Methodology: Benjamin P. Towler, Amy L. Pashler, Sarah F. Newbury.
Project administration: Sarah F. Newbury.
Resources: Simon J. Morley, Cecilia M. Arraiano, Sarah F. Newbury.
Software: Benjamin P. Towler.
Supervision: Benjamin P. Towler, Simon J. Morley, Cecilia M. Arraiano, Sarah F. Newbury.
Visualization: Benjamin P. Towler, Sarah F. Newbury.
Writing – original draft: Benjamin P. Towler, Sarah F. Newbury.
Writing – review & editing: Benjamin P. Towler, Sandra C. Viegas, Simon J. Morley, Sarah F.
Newbury.
References
1. Towler BP, Jones CI, Harper KL, Waldron JA, Newbury SF. A novel role for the 30-50 exoribonuclease
Dis3L2 in controlling cell proliferation and tissue growth. RNA Biol. 2016; 13(12):1286–99. https://doi.
org/10.1080/15476286.2016.1232238 PMID: 27630034.
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 26 / 29
2. Lubas M, Damgaard CK, Tomecki R, Cysewski D, Jensen TH, Dziembowski A. Exonuclease hDIS3L2
specifies an exosome-independent 3’-5’ degradation pathway of human cytoplasmic mRNA. EMBO J.
2013; 32(13):1855–68. Epub 2013/06/13. https://doi.org/10.1038/emboj.2013.135 PMID: 23756462;
PubMed Central PMCID: PMC3981170.
3. Malecki M, Viegas SC, Carneiro T, Golik P, Dressaire C, Ferreira MG, et al. The exoribonuclease
Dis3L2 defines a novel eukaryotic RNA degradation pathway. EMBO J. 2013; 32(13):1842–54. Epub
2013/03/19. https://doi.org/10.1038/emboj.2013.63 PMID: 23503588; PubMed Central PMCID:
PMC3981172.
4. Lebreton A, Tomecki R, Dziembowski A, Seraphin B. Endonucleolytic RNA cleavage by a eukaryotic
exosome. Nature. 2008; 456(7224):993–6. Epub 2008/12/09. https://doi.org/10.1038/nature07480
PMID: 19060886.
5. Schneider C, Leung E, Brown J, Tollervey D. The N-terminal PIN domain of the exosome subunit Rrp44
harbors endonuclease activity and tethers Rrp44 to the yeast core exosome. Nucleic acids research.
2009; 37(4):1127–40. Epub 2009/01/09. https://doi.org/10.1093/nar/gkn1020 PMID: 19129231;
PubMed Central PMCID: PMC2651783.
6. Chang HM, Triboulet R, Thornton JE, Gregory RI. A role for the Perlman syndrome exonuclease Dis3l2
in the Lin28-let-7 pathway. Nature. 2013; 497(7448):244–8. Epub 2013/04/19. https://doi.org/10.1038/
nature12119 PMID: 23594738; PubMed Central PMCID: PMC3651781.
7. Rissland OS, Norbury CJ. Decapping is preceded by 3[prime] uridylation in a novel pathway of bulk
mRNA turnover. Nat Struct Mol Biol. 2009; 16(6):616–23. http://www.nature.com/nsmb/journal/v16/n6/
suppinfo/nsmb.1601_S1.html. https://doi.org/10.1038/nsmb.1601 PMID: 19430462
8. Ustianenko D, Hrossova D, Potesil D, Chalupnikova K, Hrazdilova K, Pachernik J, et al. Mammalian
DIS3L2 exoribonuclease targets the uridylated precursors of let-7 miRNAs. RNA. 2013; 19(12):1632–8.
Epub 2013/10/22. https://doi.org/10.1261/rna.040055.113 PMID: 24141620; PubMed Central PMCID:
PMC3884668.
9. Astuti D, Morris MR, Cooper WN, Staals RH, Wake NC, Fews GA, et al. Germline mutations in DIS3L2
cause the Perlman syndrome of overgrowth and Wilms tumor susceptibility. Nat Genet. 2012; 44
(3):277–84. Epub 2012/02/07. https://doi.org/10.1038/ng.1071 PMID: 22306653.
10. Tassano E, Buttgereit J, Bader M, Lerone M, Divizia MT, Bocciardi R, et al. Genotype-Phenotype Corre-
lation of 2q37 Deletions Including NPPC Gene Associated with Skeletal Malformations. PLoS One.
2013; 8(6):e66048. https://doi.org/10.1371/journal.pone.0066048 PMID: 23805197
11. Lin CJ, Wen J, Bejarano F, Hu F, Bortolamiol-Becet D, Kan L, et al. Characterization of a TUTase/
RNase complex required for Drosophila gametogenesis. RNA. 2017; 23(3):284–96. Epub 2016/12/16.
https://doi.org/10.1261/rna.059527.116 PMID: 27974621; PubMed Central PMCID: PMC5311484.
12. Pirouz M, Du P, Munafo M, Gregory RI. Dis3l2-Mediated Decay Is a Quality Control Pathway for Non-
coding RNAs. Cell Rep. 2016; 16(7):1861–73. Epub 2016/08/09. https://doi.org/10.1016/j.celrep.2016.
07.025 PMID: 27498873; PubMed Central PMCID: PMC4998061.
13. Reimao-Pinto MM, Manzenreither RA, Burkard TR, Sledz P, Jinek M, Mechtler K, et al. Molecular basis
for cytoplasmic RNA surveillance by uridylation-triggered decay in Drosophila. EMBO J. 2016; 35
(22):2417–34. Epub 2016/10/13. https://doi.org/10.15252/embj.201695164 PMID: 27729457; PubMed
Central PMCID: PMC5109242.
14. Łabno A, Warkocki Z, Kuliński T, Krawczyk PS, Bijata K, Tomecki R, et al. Perlman syndrome nuclease
DIS3L2 controls cytoplasmic non-coding RNAs and provides surveillance pathway for maturing
snRNAs. Nucleic acids research. 2016; 44(21):10437–53. https://doi.org/10.1093/nar/gkw649 PMID:
27431325; PubMed Central PMCID: PMC5137419.
15. Shukla S, Bjerke GA, Muhlrad D, Yi R, Parker R. The RNase PARN Controls the Levels of Specific miR-
NAs that Contribute to p53 Regulation. Mol Cell. 2019; 73(6):1204–16.e4. Epub 2019/02/17. https://doi.
org/10.1016/j.molcel.2019.01.010 PMID: 30770239; PubMed Central PMCID: PMC6430647.
16. da Costa PJ, Menezes J, Saramago M, Garcı́a-Moreno JF, Santos HA, Gama-Carvalho M, et al. A role
for DIS3L2 over natural nonsense-mediated mRNA decay targets in human cells. Biochemical and bio-
physical research communications. 2019; 518(4):664–71. Epub 2019/08/31. https://doi.org/10.1016/j.
bbrc.2019.08.105 PMID: 31466720.
17. Hunter RW, Liu Y, Manjunath H, Acharya A, Jones BT, Zhang H, et al. Loss of Dis3l2 partially pheno-
copies Perlman syndrome in mice and results in up-regulation of Igf2 in nephron progenitor cells.
Genes & development. 2018; 32(13–14):903–8. Epub 2018/06/29. https://doi.org/10.1101/gad.315804.
118 PMID: 29950491; PubMed Central PMCID: PMC6075040.
18. Francescone RA, Scully S, Faibish M, Taylor SL, Oh D, Moral L, et al. Role of YKL-40 in the angiogene-
sis, radioresistance, and progression of glioblastoma. J Biol Chem. 2011; 286(17):15332–43. Epub
2011/03/10. https://doi.org/10.1074/jbc.M110.212514 PMID: 21385870; PubMed Central PMCID:
PMC3083166.
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 27 / 29
19. He CH, Lee CG, Dela Cruz CS, Lee CM, Zhou Y, Ahangari F, et al. Chitinase 3-like 1 regulates cellular
and tissue responses via IL-13 receptor α2. Cell Rep. 2013; 4(4):830–41. Epub 2013/08/27. https://doi.
org/10.1016/j.celrep.2013.07.032 PMID: 23972995; PubMed Central PMCID: PMC3988532.
20. Recklies AD, White C, Ling H. The chitinase 3-like protein human cartilage glycoprotein 39 (HC-gp39)
stimulates proliferation of human connective-tissue cells and activates both extracellular signal-regu-
lated kinase- and protein kinase B-mediated signalling pathways. The Biochemical journal. 2002; 365
(Pt 1):119–26. Epub 2002/06/20. https://doi.org/10.1042/BJ20020075 PMID: 12071845; PubMed Cen-
tral PMCID: PMC1222662.
21. Areshkov PA, Kavsan VM. Chitinase 3-like protein 2 (CHI3L2, YKL-39) activates phosphorylation of
extracellular signal-regulated kinases ERK1/ERK2 in human embryonic kidney (HEK293) and human
glioblastoma (U87 MG) cells. TSitologiia i genetika. 2010; 44(1):3–9. Epub 2010/03/06. PMID:
20201406.
22. Areshkov PO, Avdieiev SS, Balynska OV, Leroith D, Kavsan VM. Two closely related human members
of chitinase-like family, CHI3L1 and CHI3L2, activate ERK1/2 in 293 and U373 cells but have the differ-
ent influence on cell proliferation. International journal of biological sciences. 2012; 8(1):39–48. Epub
2012/01/03. https://doi.org/10.7150/ijbs.8.39 PMID: 22211103; PubMed Central PMCID:
PMC3226031.
23. Shao R, Hamel K, Petersen L, Cao QJ, Arenas RB, Bigelow C, et al. YKL-40, a secreted glycoprotein,
promotes tumor angiogenesis. Oncogene. 2009; 28(50):4456–68. Epub 2009/09/22. https://doi.org/10.
1038/onc.2009.292 PMID: 19767768; PubMed Central PMCID: PMC2795793.
24. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB, et al. Characterization of a 3-
phosphoinositide-dependent protein kinase which phosphorylates and activates protein kinase Balpha.
Current biology: CB. 1997; 7(4):261–9. Epub 1997/04/01. https://doi.org/10.1016/s0960-9822(06)
00122-9 PMID: 9094314.
25. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation and regulation of Akt/PKB by the ric-
tor-mTOR complex. Science (New York, NY). 2005; 307(5712):1098–101. Epub 2005/02/19. https://
doi.org/10.1126/science.1106148 PMID: 15718470.
26. Varela PF, Llera AS, Mariuzza RA, Tormo J. Crystal structure of imaginal disc growth factor-2. A mem-
ber of a new family of growth-promoting glycoproteins from Drosophila melanogaster. J Biol Chem.
2002; 277(15):13229–36. https://doi.org/10.1074/jbc.M110502200 PMID: 11821393.
27. Broz V, Kucerova L, Rouhova L, Fleischmannova J, Strnad H, Bryant PJ, et al. Drosophila imaginal disc
growth factor 2 is a trophic factor involved in energy balance, detoxification, and innate immunity. Sci
Rep. 2017; 7:43273. https://doi.org/10.1038/srep43273 PMID: 28230183; PubMed Central PMCID:
PMC5322392.
28. Kawamura K, Shibata T, Saget O, Peel D, Bryant PJ. A new family of growth factors produced by the fat
body and active on Drosophila imaginal disc cells. Development. 1999; 126(2):211–9. PMID: 9847235.
29. Blanco E, Ruiz-Romero M, Beltran S, Bosch M, Punset A, Serras F, et al. Gene expression following
induction of regeneration in Drosophila wing imaginal discs. Expression profile of regenerating wing
discs. BMC developmental biology. 2010; 10:94. Epub 2010/09/04. https://doi.org/10.1186/1471-213X-
10-94 PMID: 20813047; PubMed Central PMCID: PMC2939566.
30. Kavsan VM, Baklaushev VP, Balynska OV, Iershov AV, Areshkov PO, Yusubalieva GM, et al. Gene
Encoding Chitinase 3-Like 1 Protein (CHI3L1) is a Putative Oncogene. International journal of biomedi-
cal science: IJBS. 2011; 7(3):230–7. Epub 2011/09/01. PMID: 23675241; PubMed Central PMCID:
PMC3614833.
31. Liu W, Yu Q, Ma J, Cheng Y, Zhang H, Luo W, et al. Knockdown of a DIS3L2 promoter upstream long
noncoding RNA (AC105461.1) enhances colorectal cancer stem cell properties in vitro by down-regulat-
ing DIS3L2. OncoTargets and therapy. 2017; 10:2367–76. Epub 2017/05/13. https://doi.org/10.2147/
OTT.S132708 PMID: 28496335; PubMed Central PMCID: PMC5422573.
32. Qiu QC, Wang L, Jin SS, Liu GF, Liu J, Ma L, et al. CHI3L1 promotes tumor progression by activating
TGF-β signaling pathway in hepatocellular carcinoma. Sci Rep. 2018; 8(1):15029. Epub 2018/10/12.
https://doi.org/10.1038/s41598-018-33239-8 PMID: 30301907; PubMed Central PMCID:
PMC6177412.
33. Hu K, Dai HB, Qiu ZL. mTOR signaling in osteosarcoma: Oncogenesis and therapeutic aspects
(Review). Oncology reports. 2016; 36(3):1219–25. Epub 2016/07/20. https://doi.org/10.3892/or.2016.
4922 PMID: 27430283.
34. Perry JA, Kiezun A, Tonzi P, Van Allen EM, Carter SL, Baca SC, et al. Complementary genomic
approaches highlight the PI3K/mTOR pathway as a common vulnerability in osteosarcoma. Proc Natl
Acad Sci U S A. 2014; 111(51):E5564–73. Epub 2014/12/17. https://doi.org/10.1073/pnas.1419260111
PMID: 25512523; PubMed Central PMCID: PMC4280630.
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 28 / 29
35. Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P, et al. Mechanism of activation of
protein kinase B by insulin and IGF-1. Embo j. 1996; 15(23):6541–51. Epub 1996/12/02. PMID:
8978681; PubMed Central PMCID: PMC452479.
36. Yang J, Cron P, Good VM, Thompson V, Hemmings BA, Barford D. Crystal structure of an activated
Akt/protein kinase B ternary complex with GSK3-peptide and AMP-PNP. Nature structural biology.
2002; 9(12):940–4. Epub 2002/11/16. https://doi.org/10.1038/nsb870 PMID: 12434148.
37. Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Moffat J, et al. Ablation in mice of the
mTORC components raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-
FOXO and PKCalpha, but not S6K1. Developmental cell. 2006; 11(6):859–71. Epub 2006/12/05.
https://doi.org/10.1016/j.devcel.2006.10.007 PMID: 17141160.
38. Hietakangas V, Cohen SM. Re-evaluating AKT regulation: role of TOR complex 2 in tissue growth.
Genes & development. 2007; 21(6):632–7. Epub 2007/03/21. https://doi.org/10.1101/gad.416307
PMID: 17369395; PubMed Central PMCID: PMC1820936.
39. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, et al. SIN1/MIP1 maintains rictor-mTOR com-
plex integrity and regulates Akt phosphorylation and substrate specificity. Cell. 2006; 127(1):125–37.
Epub 2006/09/12. https://doi.org/10.1016/j.cell.2006.08.033 PMID: 16962653.
40. Lee G, Chung J. Discrete functions of rictor and raptor in cell growth regulation in Drosophila. Biochemi-
cal and biophysical research communications. 2007; 357(4):1154–9. Epub 2007/04/28. https://doi.org/
10.1016/j.bbrc.2007.04.086 PMID: 17462592.
41. Bailey TL, Elkan C. Fitting a mixture model by expectation maximization to discover motifs in biopoly-
mers. Proceedings International Conference on Intelligent Systems for Molecular Biology. 1994; 2:28–
36. Epub 1994/01/01. PMID: 7584402.
42. Forero MG, Pennack JA, Learte AR, Hidalgo A. DeadEasy Caspase: Automatic Counting of Apoptotic
Cells in Drosophila. PLOS ONE. 2009; 4(5):e5441. https://doi.org/10.1371/journal.pone.0005441
PMID: 19415123
43. Aspden JL, Eyre-Walker YC, Phillips RJ, Amin U, Mumtaz MA, Brocard M, et al. Extensive translation
of small Open Reading Frames revealed by Poly-Ribo-Seq. eLife. 2014; 3:e03528. Epub 2014/08/22.
https://doi.org/10.7554/eLife.03528 PMID: 25144939; PubMed Central PMCID: PMC4359375.
44. Gramates LS, Marygold SJ, Santos GD, Urbano JM, Antonazzo G, Matthews BB, et al. FlyBase at 25:
looking to the future. Nucleic acids research. 2017; 45(D1):D663–d71. Epub 2016/11/02. https://doi.
org/10.1093/nar/gkw1016 PMID: 27799470; PubMed Central PMCID: PMC5210523.
45. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nature
methods. 2015; 12(4):357–60. Epub 2015/03/10. https://doi.org/10.1038/nmeth.3317 PMID: 25751142;
PubMed Central PMCID: PMC4655817.
46. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-
sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nature Protocols. 2012; 7(3):562–78.
https://doi.org/10.1038/nprot.2012.016 PMID: 22383036; PubMed Central PMCID: PMC3334321.
47. Jones CI, Grima DP, Waldron JA, Jones S, Parker HN, Newbury SF. The 5’-3’ exoribonuclease Pac-
man (Xrn1) regulates expression of the heat shock protein Hsp67Bc and the microRNA miR-277-3p in
Drosophila wing imaginal discs. RNA Biol. 2013; 10(8):1345–55. Epub 2013/06/25. https://doi.org/10.
4161/rna.25354 PMID: 23792537; PubMed Central PMCID: PMC3817156.
PLOS GENETICS Dis3L2 regulates cell proliferation and tissue growth though a conserved mechanism
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009297 December 28, 2020 29 / 29
